Introduction
Nasopharyngeal carcinoma (NPC), a rare form of head and neck cancer, is highly prevalent and severe in major parts of southern China. NPC is primarily due to infection with the EB virus, diet, environment, and genetic susceptibility; 1 however, its molecular mechanisms are complex and not well understood. 2 Patient death is due to tumor metastasis in ~30%-40% of the cases. 3 Therefore, effective treatments are urgently needed.
Cadherins are a family of calcium-dependent cell adhesion molecules containing an extracellular cadherin repeat of ~110 amino acid residues. These proteins are further subdivided into the classical, desmosome, and protocadherin (PCDH) groups. 4, 5 In recent years, PCDHs (PCDH20, PCDH17, PCDH10, PCDH9, and PCDH8) have been found to act as tumor suppressor genes (TSGs). 6 Epigenetic changes in TSGs often involve promoter CpG island methylation. Studies on the promoter methylation of CpG islands and the discovery of new TSGs have revealed the epigenetic PCDH10 in hematologic, gastric, testicular, cervical, breast, esophageal, colorectal, nasopharyngeal, lung, and hepatocellular cancers; [8] [9] [10] [11] [12] [13] [14] [15] PCDH17 in colorectal and gastric cancers, esophageal squamous cell carcinoma (ESCC), 16, 17 and laryngeal squamous cell carcinoma;
18 PCDH9 in glioblastoma; 19 and PCDH8 in breast cancer and hematologic cancers. 20, 21 Abnormal expression of PCDH8, 10, and 17 represses tumor cell proliferation and migration but induces apoptosis and autophagy. 11, 16, 17, 21 Recent studies have shown involvement of PCDH17 methylation in ESCC, gastric and colorectal cancers, 22 and urological cancer. 16, 23 PCDH17 is silenced in ESCC, which is associated with a poor differentiation state, suggesting that PCDH17 is a TSG. However, the underlying mechanism is still unclear. 16 These findings indicate a role of promoter CpG methylation in PCDH silencing in carcinomas, which leads to tumorigenesis. However, the role of PCDH17 and whether it is epigenetically silenced in NPC are unknown. Herein, we aimed to investigate the expression of PCDH17 and its promoter methylation status in NPC. Our results demonstrate the key involvement of promoter methylation in inhibiting PCDH17 expression in NPC. Additionally, we studied the functions of PCDH17 in tumor cell proliferation, migration, and angiogenesis and reported that PCDH17 might act as a pleiotropic tumor suppressor in NPC. However, the underlying mechanisms still need to be uncovered.
Patients and methods

Tissue samples
The Department of Otolaryngology (Chongqing, China) provided 42 primary NPC tumor biopsies. Donors were informed, and they consented to therapy. Patients were diagnosed according to the WHO classification by trained pathologists. The controls included 17 histological hyperplasia tissues obtained from symptomatically NPC-positive patients who showed negative results for tumor cells in nasopharyngeal biopsies. The biopsy tissues obtained were then cryo-frozen in liquid nitrogen and further stored at -80°C until use. All of the procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and national research committee and with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards. This study was approved by the ethics committee of Chongqing Medical University. Written informed consent was obtained from all the patients for the publication of this report. HK1,  24 C666-1,  25 CNE1,  26 HONE1,  27 HNE1,  24 and NP69   27 cell lines were kind gifts from Prof Qian Tao of the Chinese University of Hong Kong and were approved by Chongqing Medical University for use in this study. C666-1, HNE1, CNE1, HONE1, and HK1 cell lines were cultured in RPMI-1640 media containing 10% FBS, 1% GlutaMax, and 1% penicillin-streptomycin (Thermo Fisher Scientific, Waltham, MA, USA). NP69 cells were cultured in keratinocyte serum free medium (K-SFM) medium (Thermo Fisher Scientific), as described previously. 28 We treated the cells for 3 days with 10 µM of the demethylating chemical 5-aza-2′-deoxycytidine (5-Aza-C; Sigma-Aldrich Co., St Louis, MO, USA) followed by treatment with 100 ng/mL of the histone deacetylase inhibitor trichostatin A (TSA; Cayman Chemical Co., Ann Arbor, MI, USA) for another 24 hours. 9, 29 Thereafter, the cells were harvested for DNA and RNA extraction.
Cell culture
semi-quantitative reverse transcription PCR (RT-PCR)
mRNA expression was quantified by RT-PCR, as described previously. 29 In brief, RNA was isolated from tissue samples or cell pellets using TRIzol reagent (Thermo Fisher Scientific) according to the manufacturer's protocol. Subsequently, the samples were reverse transcribed and amplified using semi-quantitative RT-PCR involving 32 cycles with 55°C as the annealing temperature. The primers used for this experiment are shown in Table 1 .
Methylation level analysis
Methylation of the promoter of the PCDH17 gene was determined by a technique known as methylation-specific PCR (MSP) and bisulfite genome sequencing (BGS). DNA from tissue samples was isolated using the Animal Genome extraction kit (Axygen Biosciences, Inc., Union City, CA, USA). After bisulfite-mediated modification of the sample DNA, we carried out MSP and BGS as described previously. 30, 31 The PCR reaction system of MSP included 2 µL of modified DNA, 12.5 µL of Premix Ex Taq DNA polymerase mix, 8.5 µL of ddH 2 O, and 2 µL of primers that were either methylation or non-methylation specific. We then used Platinum PCR SuperMix High Fidelity (Thermo Fisher Scientific) for bisulfite sequencing PCR of the bisulfite-modified DNAs with prim- 
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he et al ers specific to the PCDH17 gene promoter. The methylation level was analyzed as described previously. 32, 33 Table 1 lists the primers that we used in this study for both MSP and BGS.
PCDh17-expressing plasmid and transfection
The NPC cell line CNE1 was transfected with the pCMV-PCDH17 plasmid or empty vector pCMV (gifts from Prof Qian Tao, Chinese University in Hong Kong). CNE1 cells were seeded on six-well plates at a density of 2×10 5 cells/ well and incubated overnight for attachment. For transfection of CNE1 cells with the PCDH17 expression plasmid or the empty vector, we used Lipofectamine 2000 (Thermo Fisher Scientific). After 48 hours of transfection, we harvested the cells, replated them, and selected them with G418 (400 µg/ mL). Cells that were stably transfected with PCDH17 were obtained after 12 days of selection by G418. Quantitative PCR and Western blot analyses confirmed the ectopic expression of PCDH17.
Colony formation assays
For colony formation assays, 500 transfected cells per well were seeded and cultured for ~12 days for colony formation. Colonies formed were fixed and washed with 4% paraformaldehyde (PFA) in PBS. Following Giemsa staining, the colonies were imaged, and their numbers were counted using an inverted microscope (Olympus). The experiments were carried out in triplicate with three repeats.
Cell proliferation assay
We estimated cellular proliferation by using the Cell Counting Kit-8 (CCK-8). CNE1-PCDH17 and CNE1-vector cells were selected as described above. Briefly, we plated the cells in a 96-well plate at a density of 5,000 cells per well for 24 hours, in addition to 10 µL of CCK-8 solution. The OD density was subsequently determined after a 4-hour incubation at 37°C using a microplate reader.
Wound-healing assay
We performed a scratch wound-healing assay to assess cell mobility. CNE1-PCDH17 and CNE1-vector cells were cultured until subconfluency. Then, the cell monolayer was scraped off by using sterile pipette tips. The scraped cells were subsequently rinsed with PBS (two times) and incubated for 24 hours. The cellular gap in the cell monolayer was measured using an inverted microscope at specific time points.
in vitro migration and invasion assays
Cell migration assays were performed using 24-well transwell chambers with an 8 µm pore size (Corning Incorporated, Corning, NY, USA). Briefly, 5×10 4 cells were plated in the upper chamber and maintained at 37°C for 48 hours. Next, we removed the cells in the upper membrane and fixed the cells in the lower membrane layer using 4% PFA. The fixed cells were then stained and enumerated using a standard light microscope. For the invasion assay, we coated the upper transwell chambers for 1 hour using Matrigel (Corning Incorporated). Then, we plated the cells in the chamber. The experiments were independently performed three times.
Cell cycle and apoptosis analysis
To carry out this analysis, we harvested the cells following dissociation by trypsin-EDTA (Thermo Fisher Scientific), centrifugation, and PBS washes according to our previous protocol. 34 Prior to the cell cycle analysis, we fixed the cells with ice-cold 75% ethanol and left them overnight at 4°C. After centrifugation and a PBS rinse, we stained the cells with 1% propidium iodide supplemented with 1 mg/mL RNase A for 30 minutes at 37°C. This step was followed by two washes with PBS and analysis. An Annexin V-PE/7-AAD Apoptosis Detection Kit (BD Pharmingen, San Diego, CA, USA) was used to stain the cells. Following resuspension of 1×10 5 cells in 1× binding buffer, they were transferred to a FACS tube. The cells were then stained with phycoerythrin Annexin V and 5 µL of 7-amino-actinomycin D, followed by incubation in the dark at room temperature for 15 minutes. After the staining, we added 400 µL of 1X binding buffer to each sample in the fluorescence activated cell sorting (FACS) tube. Cell cycle and apoptosis analysis was then performed on a BD C6 flow cytometer and analyzed by FlowJo 7.6.1 software. The analyses were performed in three independent experiments, with at least three samples for each group.
Western blotting
We performed Western blot analysis for proteins using previously described methods. 35 Briefly, we lysed the cells using a lysis buffer containing a protease inhibitor cocktail. This step was followed by centrifugation at 13,000× g for 15 minutes in a centrifuge that had been cooled down to 4°C. The protein concentration of each sample was then determined using the bicinchoninic acid method. Subsequently, the protein samples were resolved by SDS-PAGE and transferred onto polyvinylidene fluoride membranes. Each membrane was then blocked with blocking buffer comprised of Tris-buffered saline, which had 0.1% Tween 20 and 5% fat-free milk added. The membranes were then incubated with primary antibodies at a dilution of 1:1,000 and a secondary antibody. Primary antibodies against the following proteins were used: PCDH17 (Abcam, Cambridge, UK), caspase-3 (Abcam), Beclin-1 (Novus Biologicals), LC3B (Abcam), caspase-9 (Thermo Fisher Scientific), Bax (Abcam), Bcl2 (Abcam), and GAPDH (Abcam). The bands were imaged by enhanced chemiluminescence. Image Lab was used to normalize the intensity of each band to that of GAPDH and analyze each band.
in vitro tube formation assay
First, 1×10 4 pretreated in vitro human umbilical vein endothelial cells (HUVECs)/well were plated onto a layer of Matrigel (BD Bioscience, San Diego, CA, USA) and incubated in a 37°C incubator with 5% CO 2 for 24 hours. Then, the tubular structures were photographed and quantified under a microscope. The number of formed capillary tubes was counted manually. Each experimental condition was tested in triplicate. elisa CNE1-PCDH17 and CNE1-vector cells were incubated for 48 hours to determine the VEGF level. Then, the conditioned media were harvested and assayed by sandwich ELISA kits according to the manufacturer's protocol. The optical intensity was measured at 450 nm (Molecular Devices, Sunnyvale, CA, USA). The data are representative of three independent experiments. in vivo tumor model
All animal experiments that were performed during our study had been granted prior approval from the animal ethics committee of Chongqing Medical University. All animal experiments were carried out according to the Guide for the Animal Welfare of Chongqing Medical University. We performed subcutaneous administration of 3.5×10 6 viable CNE1-PCDH17 and CNE1-vector cells into the right dorsal flank of 6-week-old female BALB/c nude mice. After every interval of 5 days, we assessed the tumor volume for 40 days. Tumor volume was calculated by the following formula: V (mm 3 
in situ apoptosis detection
The detection involved staining the cells using an In-Situ Cell Death Detection Kit (Hoffman-La Roche Ltd., Basel, Switzerland). Paraffin-embedded sections of the tumor tissues from CNE1-PCDH17-and CNE1-vector cell-inoculated mice were stained according to the manufacturer's protocol. For the staining of active caspase-3, the tumor sections were preincubated with 0.5% H 2 O 2 dissolved in PBS for 30 minutes. This treatment reduced the endogenous peroxidase levels. Then, the sections were incubated with 0.5% Triton X-100 in PBS for 30 minutes and blocked with BSA to prevent nonspecific binding. The sections were treated with biotin-conjugated secondary caspase-3 antibody raised in rabbits (Abcam). The prepared sections were then visualized using microscopy. During enumeration, five randomly selected fields were used to count apoptotic cells at a magnification of 400×.
statistical analysis
In this study, all statistical analyses were performed using SPSS 18.0 software (SPSS Inc., Chicago, IL, USA). Pearson's chi-squared test or Fisher's exact test were used to analyze associations between methylated samples and clinicopathological features of NPC patients. The results of the colony formation assays and other assays are presented as the mean ± SD, and a paired t-test was used to determine the significance of differences. P<0.05 was considered significant.
Results
PCDh17 is silenced and methylated in nPC cell lines
We measured the transcriptional levels of PCDH17 in normal adult human tissues, five cell lines (CNE1, HK1, C666-1, HNE1, HONE1), and in an immortalized nasopharyngeal epithelial cell line (NP69) by semi-quantitative RT-PCR. PCDH17 was expressed in normal adult human tissues (Figure 1A ) and NP69 (a normal NP epithelial cell line; Figure  1B ) but not in the NPC cell lines ( Figure 1B) . Epigenetic modification is a key player in regulating the expression of TSGs during tumorigenesis. We used MSP, 5-Aza-C treatment, and TSA for treatment to validate the important role of DNA methylation and histone deacetylation in silencing PCDH17 in NPC cell lines. The MSP results showed that PCDH17 was highly methylated in PCDH17-silenced cell lines ( Figure 1B ). In addition, following treatment with 5-Aza-C for demethylation and histone acetylation treatment with TSA, PCDH17 expression in NPC cell lines was significantly restored, and the unmethylated alleles increased significantly ( Figure 1C) .
We examined the methylation profile of CpG islands in the PCDH17 promoter region using high-resolution BGS analysis and further verified the results of the MSP experiment ( Figure 1D ). The results clearly indicated that the two NPC cell lines, CNE1 and HONE1, showed a significantly higher methylation level of the PCDH17 CpG islands than the immortalized nasopharyngeal epithelial cell line NP69 ( Figure 1D ). In conclusion, the re-expression of PCDH17 after treatment with 5-Aza-C and TSA and the hypermethylation of PCDH17 in NPC cell lines suggest that PCDH17 transcriptional silencing in NPCs is mediated by methylation.
PCDh17 is downregulated and methylated in primary nPCs
To detect the promoter methylation level of PCDH17 in human NPC tissues and in NP69, we used MSP. The methylation rates of PCDH17 in human NPC tissues and normal NP tissues were 83.3% (35/42) and 17.6% (3/17), respectively (P<0.05; Figure 2) .
We analyzed the correlations between PCDH17 clinicopathological parameters and promoter methylation levels ( Table 2) . No significant correlation was found in NPC patients between the methylation/unmethylation of the PCDH17 promoter and age, gender, tumor TNM stage, or lymph node metastasis (Table 2) . Thus, PCDH17 methylation status could be a new tumor marker for NPC.
ectopic expression of PCDh17 inhibits tumor cell growth of nPC DNA methylation leads to PCDH17 transcriptional silencing in NPC, indicating that PCDH17 may play a tumor suppressor role in NPC. We investigated how cancer cell growth was affected by the increase in PCDH17 expression. We stably transfected the PCDH17 gene into CNE1 cells, and real-time PCR ( Figure 3A) and Western blot analyses ( Figure 3B ) confirmed that PCDH17 expression was increased in CNE1 cells. Colony formation assay results showed that compared with CNE1-vector cell colonies, the CNE1-PCDH17 cell colonies were significantly reduced (P<0.05; Figure 3C, D) . These results suggest that PCDH17 can inhibit the colony formation of CNE1 cells. CCK-8 assays showed that the growth rate of CNE1-PCDH17 cells was significantly slower than that of CNE1-vector cells ( Figure 3E ), suggesting that PCDH17 also inhibited the proliferation of tumor cells.
ectopic PCDh17 expression inhibits nPC cell invasion and migration
We performed wound-healing, transwell migration, and transwell invasion assays to determine whether PCDH17 plays a role in inhibiting the migration and invasion of NPC cells. The migration of CNE1-PCDH17 cells as well as the wound edge was significantly slower than that of CNE1-vector cells ( Figure 4A ), indicating the role of PCDH17 expression in inhibiting tumor cell migration.
We observed that the number of CNE1-PCDH17 cells passing into the lower chamber through the membrane was significantly lower than that of CNE1-vector cells (P<0.05, Figure 4B , C). These results indicate a significant reduction in the migration and invasion of CNE1-PCDH17 cells, confirming that PCDH17 inhibits the migration and invasion of NPC cells.
ectopic PCDh17 expression promotes cell cycle arrest and induces apoptosis of nPC cells
Flow cytometry was used to determine the effect of PCDH17 on the cell cycle and apoptosis of NPC cells. The cell cycle distribution of CNE1-vector cells is shown in Figure 5A ; cells in S phase comprised 20.63%±2.80%, and cells in G1 phase comprised 61.67%±1.15%. For the cell cycle distribution of CNE1-PCDH17 cells, cells in S phase comprised 11.07%±0.35%, and cells in G1 phase comprised 78.99%±0.56%. A significantly higher percentage of CNE1-PCDH17 cells in G1 phase compared to that of CNE1-vector cells was observed, and the percentage of S phase CNE1-PCDH17 cells was significantly lower than that of control cells (P<0.05). These results clearly showed that PCDH17 plays a regulatory role in the cell cycle of CNE1 cells. We used the Annexin-V kit to detect the apoptosis of NPC cells. The population of early apoptotic cells increased significantly in CNE1-PCDH17 cells (22.9%±0.6%) compared with CNE1-vector cells (8.1%±1.0%) ( Figure 5B ). Upregulation of several key apoptosis regulators by ectopic PCDH17 expression is shown through Western blot analysis ( Figure 5C ). Thus, PCDH17 regulates the cell cycle and apoptosis of NPC cells.
PCDh17 ectopic expression inhibits angiogenesis and VegF secretion
We examined the role of PCDH17 in modulating the angiogenic capacity of NPC cells by HUVEC tube formation assays. Herein, we showed that the HUVEC tube formation ability of CNE1-PCDH17 cells was significantly attenuated compared to that of CNE1-vector cells (P<0.05; Figure 6A ). VEGF is considered a key growth factor in angiogenesis. We used VEGF ELISAs to examine whether the inhibition of HUVEC tube formation by PCDH17 was related to the inhibition of VEGF secretion. The results showed that the secretion of VEGF in CNE1-PCDH17 cells was significantly lower than that in CNE1-vector cells (P<0.05; Figure 6B ). The percent inhibition of VEGF secretion in CNE1-PCDH17 cells was 35.37%±0.32%. Thus, we concluded that the antiangiogenic activity of PCDH17 in NPC is associated with decreased secretion of VEGF. 
PCDh17 inhibits tumor growth in nude mice
The gold standard for evaluating candidate TSGs is the ability to inhibit tumor growth in vivo. We injected CNE1-PCDH17 and CNE1-vector cells subcutaneously into nude mice to assess the effect of PCDH17 on NPC cell growth in vivo and to determine its potential for inhibiting tumor growth. The growth curves showed that after injection into nude mice for 40 days, the size of the tumors formed by CNE1-PCDH17 cells was significantly smaller than that of CNE1-vector cells (P<0.05; Figure 7A ), suggesting that PCDH17 can significantly reduce the tumorigenicity of NPC cells.
We prepared tumor tissue sections from nude mice and studied the role of PCDH17 in tumor cell apoptosis. Our results show that apoptotic cells were positive for TUNEL and that active caspase-3 staining was significantly increased in CNE1-PCDH17 tumor tissue sections compared with CNE1-vector tumor tissue sections ( Figure 7B ). These results indicated that PCDH17 plays a tumor suppressor role in NPC by promoting tumor cell apoptosis.
Discussion
Recent studies have revealed that many PCDHs, such as PCDH8, PCDH10, and PCDH20, often undergo gene inactivation through promoter methylation in tumors and act as tumor suppressors. These studies demonstrated that PCDH promoter methylation and genetic inactivation are closely related to tumor development. 7, 8, 11, 21, 36 Herein, we report that PCDH17 frequently undergoes gene silencing or is downregulated because of promoter methylation in NPC cell lines and human NPC tissues. PCDH17 is expressed in normal tissues, and demethylation drugs can lead to the demethylation of the PCDH17 promoter and the recovery of PCDH17 expression. Based on these results, we report that the key mechanism of PCDH17 inactivation in NPC is methylation of the promoter region. Primary tumor tissue is different from cancer cell lines and generally contains infiltrating non-malignant cells; therefore, unmethylated alleles are always detectable in tumor tissues. Unmethylated alleles were also found to coexist with gene silencing in certain cell lines, suggesting that epigenetic mechanisms other than methylation, such as histone modifications, may also be involved in gene regulation. All these studies have shown that PCDH17 methylation is a common cancerspecific event, and this conclusion is consistent with other findings. 16, 18, 23 The cadherin family mediates Ca 2+ -dependent binding and is a family of cell adhesion membrane proteins. 37 The structure and function of PCDHs differs from that of the classical cadherins, and thus, the PCDHs may not have strong cell-cell adhesion activity. The important physiological functions of PCDHs may be cell-cell interactions and signal transduction. 38, 39 At present, many PCDHs have been reported to exert various tumor-suppressing effects: PCDH10 inhibits tumor cell proliferation and induces tumor cell apoptosis through the regulation of pro-apoptosis genes, anti-proliferation genes, and anti-invasion genes.
11 PCDH 24 plays a role in the induction of contact inhibition by inhibiting the expression of downstream target proteins of β-catenin, including cyclin D1. 40 PCDH 17 can induce apoptosis and autophagy, inhibit migration/invasion, and induce G1/S cell cycle arrest in tumor cells.
16,17 PCDH 8 and PCDH10 have also been identified as TSGs for NPC, inhibiting tumor cell growth, colony formation, migration, and invasion, which suggests that PCDH family members also play a key role in NPC. 40 A recent study showed that PCDH17 expression was significantly downregulated in NPCs and that PCDH17 overexpression could significantly inhibit proliferation and promote the apoptosis of NPC cell lines. 41 In our study, we used RT-PCR to detect PCDH17 expression in normal adult human tissues and the nasopharyngeal epithelial cell line NP69, but the expression was silenced in all five NPC cell lines. MSP and high-resolution BGS analysis showed that PCDH17 was highly methylated in NPCs. These results are consistent with those of a recent study. After demethylation treatment with 5-Aza-C and histone acetylation treatment with TSA, the expression of PCDH17 in NPC cell lines was significantly restored, and the unmethylated alleles increased significantly, which suggests that methylation mediates PCDH17 transcriptional silencing in NPCs. We stably transfected the PCDH17 gene into CNE1 cells and found that ectopic expression of PCDH17 inhibited the growth, migration, and invasion of NPC cells and was involved in the cell cycle, apoptosis, angiogenesis, VEGF secretion, and in vivo tumor formation. These findings suggested that PCDH17 is a pleiotropic tumor suppressor of NPC.
Conclusion
Our study found that PCDH17 frequently undergoes methylation of the promoter in NPC, resulting in gene downregulation or silencing. PCDH17 is a pleiotropic tumor suppressor of NPC, and the methylation of PCDH17 can be used as an epigenetic marker of NPC.
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